ABSTRACT: Annulus fibrosus is critical to bear loads and resist fluid flow in the intervertebral disc. However, the detailed biomechanical mechanism of annulus fibrosus under abnormal loading is still ambiguous, especially at the micro and nano scales. This study aims to characterize the alterations of modulus at the nano scale of individual collagen fibrils in annulus fibrosus after in-situ immobilization, and the corresponding micro-biomechanics of annulus fibrosus. An immobilization model was used on the rat tail with an external fixation device. The elastic modulus of annulus fibrosus at both the nano-and micro-scale was examined using atomic force microscopy after fixation for 4 and 8 weeks, respectively. The fibrils in inner layer showed an alteration in elastic modulus from 91.38 AE 20.19 MPa in the intact annulus fibrosus to 110.64 AE 15.58 MPa (p < 0.001) at the nano scale after immobilization for 8 weeks, while the corresponding modulus at the micro scale also underwent a change from 0.33 AE 0.04 MPa to 0.47 AE 0.04 MPa (p < 0.001). The fibril disorder after immobilization was observed by hematoxylin/eosin staining. The gene expression of annulus fibrosus was also measured by real-time reverse transcription-polymerase chain reaction, which showed the upregulation of collagen II (p ¼ 0.003) after immobilization. The results indicated that the immobilization not only influenced the individual fibril at the nanoscale, but also the micro-biomechanical property of annulus fibrosus which is critical to define the cell response to surrounding biomechanical environment. These alterations may also lead to the change in the mechanical property of the whole disc and the load-bearing function.
Abnormal loading, including overload and immobilization, is one of the major contributing factors in intervertebral disc (IVD) degeneration among the environmental and genetic factors. [1] [2] [3] [4] The IVD is subjected to complex mechanical loading of different magnitude and direction during physiological activities including compression, torsion, and bending. 1, 5 The previous researches show that the abnormal loading conditions can produce tissue trauma and/or adaptive changes, and then accelerate the IVD degeneration. 6 The immobilization happens during the clinical treatment after the spine fractures, dislocations, subluxation injuries and various types of cervical spondylosis. Meanwhile, the immobilization therapy is associated with some complications, such as heterotopic ossification and osteitis condensans. [7] [8] [9] [10] However, the detailed pathogenesis of the disc degeneration in the case of immobilization is still unclear. Although the previous study indicated that immobilization can produce less but similar alterations in structure and composition compared to the static compression, 11 but in a recently study, some biochemical alterations after the immobilization were more significant than that of static compression group. 12 The biomechanical properties after immobilization are still unclear, especially at the micro or nano scales. Annulus fibrosus tissue in the intervertebral disc is mainly composed of collagen fibrils, thus the mechanical property of individual collagen fibril at the nanoscale may affect the microbiomechanics of annulus fibrosus, which is critical to define the cell response of the surrounding biomechanical environment and to influence the whole disc's capability of load-bearing.
In this study, we hypothesized that the biomechanical properties of individual collagen fibrils in annulus fibrosus at the nano scale changed after immobilization, and the corresponding biomechanical properties at the micro scale also varied. An immobilization model was developed on the rat tail. The atomic force microscopy (AFM) was used to explore the nano-and micro-biomechanical properties in annulus fibrosus. The hematoxylin-eosin staining was used to analyze the morphology and the real-time reverse transcription-polymerase chain reaction (RT-PCR) was used to measure the gene expression after immobilization to explore the relation between biomechanics and biochemistry. These results are critical to the better understanding on pathogenesis and prevention of IVD degeneration, and clinical treatment related to disc immobilization.
METHODS

Immobilization Model
Twenty one fully grown 12-week-old male Sprague-Dawley rats were used in this study. 13 The rats were assigned to one of three groups randomly. One group was selected to be the baseline control group with intact intervertebral discs (n ¼ 7). In the other two groups, the vertebrae were immobilized with an external fixation device that fixed four caudal vertebrae (C7-C10) for 4 and 8 weeks, respectively. Four Kwires were fixed in parallel using two aluminum alloy cuboids which do not compress or stretch the target discs (Fig. 1a) . Placement of the fixation device was confirmed by X-ray in shown in Figure 1b . Three immobilized discs (C7-8, C8-9, C9-10) were used for staining, AFM scanning and RT-PCR testing, respectively. Since the pins placement in vertebrae without immobilization did not induce significant changes in discs compared to control group in our previous work, 14 the sham group was not involved in this study. All experimental protocol was approved by the Institutional Animal Committee, and carried out in strict accordance with the recommendations in the Guide for the care and Use of Laboratory Animals of the National Institutes of Health.
Histological Analysis
After immobilization for 4 and 8 weeks, respectively, the animals were euthanized. The target discs (C7-8) were harvested with adjacent vertebrae then fixed in 10% buffered formalin solution (Shanghai Yuanye Bio-Technology Co. Ltd, Shanghai, China) for 24 h, and decalcified in 10% ethylenediaminetetraacetic acid (EDTA) (Biosharp, Hefei, China) for 30 days. The discs were then paraffinembedded (Leica, Richmond), sectioned using a histotome (Leica, Heidelberger, Germany) to a thickness of 5 mm, and then stained with hematoxylin/eosin (Beijing BiotoppedScience & Technology Co. Ltd, Beijing, China). The stained images were visualized using a binocular microscope (XSP-2CA, Shanghai, China) at a magnification of 200Â. The assessment of annulus fibrosus used the histological grading scale devised by Masuda as follows 15 : Grade I (normal, without ruptured fibers and without a serpentine appearance anywhere within the annulus), Grade II (ruptured or serpentined patterned fibers in less than 30% of the annulus), and Grade III (ruptured or serpentined patterned fibers in more than 30% of the annulus).
Nano-and Micro-Mechanical Tests and Images
After immobilized discs (C8-9) were harvested, the fresh tissue was sectioned horizontally by layers of 30 mm in thickness by using a frozen tissue section (CM3050 S, Leica, Nussloch, Germany). All the tests were conducted with an AFM scanner (Dimension ICON, Bruker). For the nanoscale experiments, images of annulus fibrosus, diameter and elastic modulus of individual fibrils were obtained using a ScanAsyst-Air probe with a curvature radius of 5 nm and a force constant of 0.4 N/m. The diameter of fibril was obtained by line section analysis using the NanoScope Analysis Software (Bruker). The modulus of fibril was calculated in AFM PeakForce QNM (Quantitative Nano Mechanics) test mode. 16 The overlap regions of fibrils were selected for the measurement in this study, because of the difference of modulus between overlap and gap regions. 17 The Hertz model in Equation (1) was used to calculate the elastic modulus at the nano-scale after calibration of the force constant k and curvature radius R of the probes. The detail determination of modulus referred to a previous study.
where F is indentation force, E is Young's modulus, y is Poisson's ratio, R is radius of the indenter and d is indentation. 
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For the microscale experiments, the modulus was obtained in the force-volume mode in 0.15M PBS (pH ¼ 7.4) in fluid cell using a spherical tip with the borosilicate glass sphere at a diameter of 5 mm gluing onto the V-shaped silicon nitride cantilever at a spring constant of 0.06 N/m (Bruker). The elastic modulus was calculated from the following equation:
where S is contact stiffness (the slope of the initial part of the unloading regime of the load-indentation curve), A is action area of the spherical indenter at depth of indentation. The detailed calculation referred to previous studies. 18, 19 Since the modulus of annulus fibrosus may vary with different layers, the section was divided into two scanning regions as the inner and outer layers, which is consistent with the anatomical locations of inner and outer layers.
Real Time RT-PCR Total RNA was isolated from annulus fibrosus in disc C9-10 using TRIzol reagent (Invitrogen, Carlsbad) according to the manufacturer's protocol. One microgram of total RNA was then reverse-transcribed using a RevertAid First Strand cDNA Synthesis Kit (Thermo fisher Scientific). Real-time quantitative polymerase chain reaction was performed with iTaq TM Universal SYBR 1 Green Supermix kit (Bio-Rad, Hercules, CA) on a CFX96
TM Real-Time PCR System (BioRad). Relative transcript levels of COL1A1, COL2A1, Acan, MMP3, MMP13, and ADAMTs-4 were measured against GAPDH (glyceraldehyde-3-phosphate dehydrogenase) using the formula 2
ÀDDCT . The primer sequences used for each gene are listed in Table 1 .
Statistical Analysis
All data were presented as mean AE standard deviation (SD). Significance of differences between the study groups was obtained using a two-way analysis of variance (ANOVA) with Fisher's Partial Least-Squares Difference (PLSD) to analyze the combined influence of immobilization time and scanning region. Statistical significance was set at p 0.05. Figure 2 shows the arrangement of annulus fibrosus from both control and immobilized groups in typical histological images. Compare to the control group, the inner layer of annulus fibrosus presented significant disorder and hyperplasia after immobilization for 8 weeks, but not in 4 weeks group. Based on Masuda grading, 14 the Grades I, II, and III were found in 13, 7, and 1 rats, respectively. The discs in 8 weeks group were classified as Grade II.
RESULTS
Representative AFM images of collagen fibrils from both control and immobilized groups are shown in Figure 3 .
groups, respectively, p < 0.001), there is no significant difference between control and immobilized groups, which was shown in Figure 4 .
The elastic modulus of collagen fibrils within the annulus fibrosus at the nano scale is shown in Figure 5 . Both the different scanning layers of annulus fibrosus and the during time of immobilization influenced individual fibril stiffness significantly. For both the control and immobilized groups, the fibrils in the outer layer of annulus fibrosus were stiffer than those in the inner layer (p < 0.001). The modulus of annulus fibrosus at the micro scale is shown in Figure 6 . Similar to the modulus at the nano scale, the micro-biomechanical properties were also influenced by scanning region and immobilization. For all the three groups, the outer layers are significantly stiffer than the inner layers (p < 0.001). After immobilization for 4 weeks, the micro modulus in the inner layer increased significantly to 0.39 AE 0.11 MPa from the 0.33 AE 0.04 MPa of control group (p ¼ 0.002), but did not change significantly in the outer layer (0.76 AE 0.16 MPa) compared to the control group (0.73 AE 0.15 MPa, p ¼ 0.88). After immobilization for 8 weeks, both the inner layer (0.47 AE 0.04 MPa, p < 0.001) and outer layer (0.85 AE 0.24 MPa, p ¼ 0.02) showed larger modulus at the micro scale. Both the anabolic and catabolic genes expression in different groups were shown in Figure 7 . The upregulation of collagen II from 1.00 AE 0.03 in control to 1.22 AE 0.03 in 8 w group (p ¼ 0.003) was induced after immobilization, while other genes expression showed no significant alteration after immobilization for both 4 and 8 weeks compared to the control group (p > 0.05).
DISCUSSION
Abnormal loading is considered as the crucial contributing factors in IVD degeneration. 1 However, there are more studies on effects of "wear and tear" and overload than the effects of underuse and immobilization. 6 The present study firstly reported the biomechanical property of individual collagen fibril at the nano scale after immobilization, and the corresponding modulus of annulus fibrosus at the micro scale. According to the grading scale devised by Masuda, 15 the staining images in this study indicated that the immobilization for 8 weeks induced the disc degeneration.
The intervertebral discs provide mobility and stability to the spine, transfer and disperse spinal loads with annulus fibrosus surrounding the nucleus pulposus. 20 During the human activities, the movement increases the conveyance of nutrients and metabolites, while the essential nutrients are transported through diffusion and convection. 21 However, due to fractures of spine, dislocations or cervical spondylosis, the immobilization may be required to restore the stability of spine. Meanwhile, the decrease of motions range, the increase of stiffness 22 and the pain caused by disc degeneration may lead to the immobilization or inhibition of motion. 6 Although the joint immobilization has been researched for some decades, [23] [24] [25] there is still a biomechanical gap between the immobilization and the complications for the intervertebral disc. Therefore, the relationship between immobilization and the disc degeneration was studied in the biomechanical aspect. 
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The annulus fibrosus is composed of large quantities of collagen type I and small quantities of collagen type II, which corresponding the fibroblast-like cells and chondroblast-like cells in annulus fibrosus. The individual collagen fibrils in outer layer are stiffer than those in the inner layer in annulus fibrosus, which is similar to our previous study 22 and associated with the increasing collagen type I: type II ratios from the inner to the outer layer. 26, 27 After immobilization for 8 weeks, fibrils in both the inner and outer layer have larger modulus than those in control group. Since the annulus fibrosus is mainly composed of collagen fibrils, the nanomechanical change would induce stiffening of the micro collagen network. This has been verified by the corresponding modulus at the micro scale in this study that the 8 weeks group is stiffer than the control group in both inner and outer layers. However, the increase of micro modulus in the inner layer after immobilization for 4 weeks did not agree with the corresponding unchanged fibrils modulus at the nano scale, suggested that the micro-biomechanical property was affected by multiple reasons besides the fibrils stiffness. Meanwhile, this significant change in the inner layer but not outer layer in 4 weeks group was possibly because of the restriction of nucleus pulposus swelling towards the annulus during immobilization, thus inner layer of annulus was affected firstly. The biomechanical alterations induced by immobilization might result in stiffening of the whole disc, the failure of annulus fibrosus or the herniation of nucleus pulposus. As the experiment in this study only represented early disc degeneration, the results could not be related to the failure of annulus fibrosus or herniation directly. Therefore, we might only speculate induction of higher local stress from the stiffer collagen fibrils when the nucleus pulposus swelled, leading to a greater probability of annulus fibrosus crack, followed by herniation. The biomechanical alteration at both nano and micro scales might be the link between immobilization and disc degeneration.
The gene expression changes observed in the annulus fibrosus implied the response of disc cells in vivo to the altered loading environment, which is important to the cell survival, self-renewal, and differentiation. 28 The immobilization, which is related to the reduced transport, has been proved to influence the disc metabolism. 29 The increase of anabolic gene expression (collagen II) in this study may suggest an adaptive remodeling response in annulus fibrosus. However, there is a discrepancy among the down-regulation, 30 the unchanged expression 12 and up-regulation of collagen II in our work. These different gene expression results might be induced by the different immobilization times and fixation devices. The alteration of micro-biomechanical property of annulus fibrosus might be another factor that influenced the gene expression. The matrix elasticity directly affects the stem cell lineage specification as evident in cell morphology, RNA profiles and marker proteins, with the pathway of force transmission from inside the cell to the matrix. 31, 32 Since the cells are embedded in collagen fibrils in the extracellular matrix, the modulus alteration at the microscale of annulus fibrosus in this study also changed the mechanical environment of the annulus fibrosus cells. The alteration of gene expression in this study might be caused by the combination of the macro abnormal loading condition and the micro stiffened loading environment. However, there is no significant difference of gene expression in this study except the relatively small increase of collagen II expression (22.4%), indicated that the cell response to the abnormal loading condition was not that obvious compared to the biomechanical properties observed in this study. The different immobilized discs segments in each rat tail may be an influence factor in the comprehensive analysis among the histology, AFM and RT-PCR results. Although there is a limitation of the difference of biomechanical function between the rat tail and the human spine in this study, the immobilization model on the rat tail has been widely used for the biomechanical research on account of the controllable mechanical loading. 33 
CONCLUSION
The biomechanical properties at both nano and micro scales altered in different degrees between inner and outer layers in annulus fibrosus after immobilization for different times. Meanwhile, the fibril arrangement disorder and the upregulation of collagen II in annulus fibrosus were observed using hematoxylin/eosin staining and real-time RT-PCR, respectively. These results indicated that immobilization not only influenced the individual collagen fibril at the nano scale, but also suggested alterations of micro-biomechanics and cell response. This work provides a better understanding of IVD degeneration after immobilization and benefits to the clinical treatment related to disc immobilization. Figure 6 . The elastic modulus of annulus fibrosus in both inner and outer layers at the micro scale. Figure 7 . mRNA levels of (a) anabolic genes and (b) catabolic genes in the annulus fibrosus normalized to endogenous control (GAPDH) and internal controls.
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